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Recently, Benner described an electrostatic ion trap based on the repetitive reflection of ions
between two electrostatic mirrors. This paper presents stability conditions for spatial and
temporal focusing that the trap must satisfy in order to achieve optimum resolution when
operated as a mass spectrometer. Also presented is an example of a theoretical design
satisfying both the spatial and temporal focusing conditions. (J Am Soc Mass Spectrom 1999,
10, 241–245) © 1999 American Society for Mass Spectrometry
Recently, Benner described an electrostatic iontrap based on the repetitive reflection of ionsbetween two electrostatic mirrors [1]. The object
of Benner’s work was to characterize large, highly
charged ions. However, the device may also be useful
as a general purpose mass-to-charge ratio analyzer.
For measurement of ions in the trap, Benner used
image current detection which produces a periodic
waveform. It is well known that repetitive waveforms
are subject to the “classical uncertainty principle” which
states that the frequency spectrum of the waveform is
characterized by a linewidth inversely proportional to
time over which the waveform has appreciable inten-
sity. Detailed discussions can be found in standard texts
[2], but to give one example, for a signal with an
envelope characterized by e2kt the magnitude-mode
linewidth is 1/2k. Furthermore, the signal-to-noise ra-
tio is also optimized by increasing the time over which
the signal maintains appreciable intensity.
As ions are repeatedly reflected between the electro-
static mirrors there must be no tendency for them to
walk out of the trap in the radial direction. Otherwise,
loss of ions will result in a temporally decreasing signal
intensity, hence an increase in linewidth and a decrease
in resolution. Benner mentioned the importance of adjust-
ing trapping conditions to avoid ion loss, but did not
present specific criteria for trapping stability. The present
paper presents criteria for trapping stability. These are
stated in terms of the spatial focusing properties the
system must satisfy in order to trap ions indefinitely.
Linewidths and precision of peak positions may also
be limited by another type of instability, one relating to
variations in flight time with respect to the parameters
that define an ion’s trajectory. For example, the initial
kinetic energy of an ion injected into the trap is some-
what uncertain, and this uncertainty produces uncer-
tainties in the period of oscillation unless the trap is
specifically designed to eliminate variations in the pe-
riod. This article presents a general discussion of this
stability criterion, and presents an example of a theo-
retical design satisfying the conditions for both spatial
and temporal stability.
Spatial Focusing
For simplicity let us restrict the discussion to systems
that are rotationally symmetric about the ion optical
axis and that have a plane of mirror symmetry perpen-
dicular to the ion optical axis. In order for an instrument
to deliver high mass-to-charge ratio resolution an ion
must undergo many reflections. This is best achieved by
confining an ion to the trap indefinitely. Therefore, the
device must trap ions radially as well as axially. This
imposes constraints on spatial focusing.
The trapping of ions between two electrostatic mir-
rors is reminiscent of the trapping of light between two
mirrors in an optical resonator. The best known exam-
ple of an optical resonator is the laser cavity. A “stable”
optical resonator is one in which light is trapped
radially as well as axially. An “unstable” optical reso-
nator is one that allows light to leak out of the device in
the radial direction. The focusing properties of the
mirrors determine whether an optical resonator is stable
or unstable [3]. As we shall see, the electrostatic trap is
analogous to the optical resonator. Specifically, the
focusing conditions determining whether an electro-
static trap is capable of confining ions indefinitely are
the same as those determining whether an optical
resonator is stable or unstable.
In order to understand this, it is first expedient to
understand the similarity between the focusing of pho-
tons in light optics and the focusing of ions in ion optics.
It is well known that the focusing of charged particles
by electrostatic lenses and mirrors can be described by
the same equations that govern focusing of light beams
by ordinary lenses and mirrors [4–6]. For example, in
the paraxial approximation the object and image coor-
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dinates of either an ordinary mirror or an ion mirror are
related to focal length by the following equation:
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where xr is the coordinate defining the reflecting sur-
face, xi is the coordinate defining the image location, xo
is the coordinate defining the object location, and f is the
focal length. In the case of an ion mirror there is no hard
reflecting surface, so the parameter xr refers to an
effective or virtual reflecting surface. This surface does
not necessarily coincide with either the physical loca-
tion of the turnaround point of the ion mirror or a
physical electrode surface.
Figure 1 illustrates the application of eq 1. The ion
trajectories for the electrode system illustrated in Figure
1a were simulated using Simion 6.0 [7]. The image and
object coordinates of six separate trajectories were fitted
to 1 yielding xr 5 250.5 and f 5 147.3 for the virtual
position of reflection and the focal length, respectively.
The smooth curve shown in Figure 1b was then calcu-
lated from eq 1 using the fitted parameters and the
corresponding results of the six trajectory calculations
are plotted as well. The agreement between the trajec-
tory calculations and eq 1 is excellent.
In general ion optical mirrors are analogous to one of
three types of light optical mirrors, those whose focal
properties are diverging (corresponding to convex mir-
rors), nonfocusing (corresponding to planar mirrors), or
converging (corresponding to concave mirrors). It is
immediately obvious that a system based on reflections
between two diverging mirrors cannot trap ions indef-
initely because ions are accelerated away from the ion
optical axis with each pass through either mirror. It is
therefore an unstable system.
Systems based on nonfocusing mirrors are, at best,
marginally stable. Because there is no restoring force
toward the optical axis, an ion whose trajectory is not
parallel with the optical axis will walk out of the trap
after repeated reflections. This case represents a border-
line between stability and instability.
Therefore, a stable trap requires mirrors with con-
verging focusing properties. The simplest way to de-
scribe the focusing properties is by first introducing the
concept of an effective center of curvature of an elec-
trostatic mirror which is analogous to the center of
curvature of a spherical mirror in light optics.
In light optics if a beam of light originates at the
center of curvature, it will be reflected by the mirror,
retrace its incoming path (in reverse), and refocus at the
original starting point. By analogy we define the center
of curvature for an ion mirror as the point on the ion
optical axis having the following property: an ion
passing through the center of curvature and directed
toward the ion mirror will be reflected so that it exactly
retraces its original trajectory in the reverse direction
and refocuses at the effective center of curvature. Figure 2
illustrates the analogy between the centers of curvature
of a light optical mirror and an electrostatic ion mirror.
The centers of curvature of a trap (be it an optical
resonator or an electrostatic ion trap) composed of two
converging mirrors may be “crossed” or “uncrossed.”
The meanings of these two terms is best understood by
reference to Figure 3 which shows optical resonators
having uncrossed and crossed centers of curvature.
An optical resonator having uncrossed centers of
curvature is unstable, i.e., in the approximation of geomet-
rical optics, such a resonator is not capable of trapping
light indefinitely, but light walks out of the resonator
laterally after a finite number of reflections [3]. As already
mentioned, ion optical systems follow the same focus-
ing laws as light optical systems. This implies that the
stability conditions of the electrostatic ion trap are the
same as those of an optical resonator, i.e., if the centers
Figure 1. Applicability of eq 1 to ion optical focusing. (a)
Electrode arrangement of ion optical system being simulated.
Voltages are as indicated in the figure. Total length of electrode
system is 252 grid units external, 250 grid units internal. For the
purposes of the simulation 1 grid unit 5 1 mm. Total energy of
ions is 86.6811 eV. The starting position (object location) for the
sample trajectory shown is 201 mm. Angle of divergence of
trajectory is exaggerated for purposes of illustration. The object
location (xo), virtual reflection location (xr), and coordinate defi-
nitions are indicated on the figure. The near coincidence of xr
(250.5 mm) with the inside boundary of the far-right electrode (251
mm) is accidental and of no fundamental significance. The image
location (xi) is beyond the right-hand boundary of the electrode
structure and is not indicated. (b) Plot relating image (xi) location
to object location (xo). Solid line represents fit to eq 1 using a
virtual reflecting surface of xr 5 250.5 mm and focal length of f 5
147.3 mm. Solid circles represent results of simulation.
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of curvature are crossed the system is stable, and if they
are uncrossed the system is unstable. Therefore, an
electrostatic ion trap can trap ions indefinitely only if
the centers of curvature of the ion mirrors are crossed.
For a system in which the two mirrors have the same
radii of curvature, i.e., for a symmetrical system, there
are three special conditions that represent boundaries
between stability and instability. The first has already
been mentioned, that in which the ion mirrors are
nonfocusing.
The second is obvious from the context of the previ-
ous discussion, that in which the centers of curvature of
the two mirrors coincide at the same point, the point
midway between the two mirrors. This case is referred
to as “symmetric concentric” when applied to a laser
cavity, and the same terminology could well be applied
to the electrostatic ion trap as well.
The third boundary between stability and instability
is less obvious. It is the case in which the centers of
curvature are crossed but fall on the effective reflecting
surface of the opposite mirror. This is termed a “confo-
cal” resonator. Therefore, an instrument designer
should assure that centers of curvature are crossed but
should avoid the confocal condition. This means that
the center of curvature of each mirror must fall either
well beyond or well short of the effective reflecting
surface of the opposite mirror.
It should be noted that although we have treated
only the case of a symmetrical trap, the stability condi-
tions can be generalized to unsymmetrical traps as well.
One simply uses the same stability conditions previ-
ously derived for an unsymmetrical optical resonator.
Because these are already well discussed in the optical
literature [3], no further discussion is given here.
Figure 4 presents Simion 6.0 trajectory plots illustrat-
ing the spatial stability criteria discussed above. Figure
4a shows a system with uncrossed centers. The ion is
not confined to the trap, but leaves the trap laterally
within 1.5 round trips and strikes an electrode. Figure
Figure 2. Illustration of centers of curvature of mirrors in (a)
light optics and (b) ion optics.
Figure 3. Optical resonators having (a) uncrossed and (b)
crossed centers of curvature.
Figure 4. Illustration of unstable and stable electrostatic ion traps
based on the criteria of “uncrossed” vs. “crossed” effective centers
of curvatures of the ion mirrors: (a) uncrossed effective centers of
curvature, with the centers of curvature short of the center point
by 13.508 mm, and (b) crossed effective centers of curvature, with
the centers of curvature extending beyond the midpoint by 12.968
mm. The overall length of the devices in this simulation is 252 mm.
The internal length is 250 mm. Voltages defining the ion mirrors
are labeled. For these simulations ions started at rest at position
x 5 6 mm, y 5 1.5 mm. The coordinate system is annotated in
(a). Image and object locations change with each reflection and are
not labeled.
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4b illustrates a system with crossed centers of curva-
ture. In this simulation the ion remains confined to the
trap for more than 50 reflections. Although this simu-
lation run was limited to 50 reflections for illustration
purposes, 50 reflections is by no means the limit.
Because the system is stable it is capable of an indefinite
number of reflections.
In Figure 4 the simulations of ion trajectories were
initiated at the point of first reflection. Therefore, ions
are at rest in the x direction. The initial y velocity was
arbitrarily set to zero. No attempt was made to model
the incoming trajectories prior to the first reflection.
However, this choice of initial conditions corresponds
to focusing the incoming trajectories through the effec-
tive center of curvature of the ion mirror. Although this
choice of initial conditions is somewhat arbitrary, and
other choices of initial conditions are possible, these
conditions are sufficient for illustration purposes.
Temporal Focusing
Ion motion in the trap is periodic. In order for high
resolution and/or mass-to-charge ratio accuracy to be
achieved, it is necessary that the period of oscillation be
stable. If not, then either (1) a packet of ions will loose
phase coherence and resolution will be lost, or (2) in the
case of a single ion oscillating in the trap there will be a
loss of mass-to-charge ratio accuracy. As a minimum
requirement for stable temporal focusing, eq 2 must be
satisfied:
­tp
­E
5 0 (2)
where tp is the period of oscillation and E is the total
energy of the ion, excluding internal modes of motion.
Equation 2 defines the temporal focusing condition to
first order and is valid regardless of the number of
passes an ion makes through the device. Higher order
corrections may be defined by zeroing higher order
derivatives in addition to the first derivative.
These conditions are essentially a generalized state-
ment of those used to correct a reflectron time-of-flight
mass spectrometer against variations in ion kinetic
energy [8] or a linear time-of-flight mass spectrometer
against variations in initial start positions of ions [9],
and written in the form of partial derivatives with
respect to total energy (excluding internal modes of ion
motion) they emphasize the essential equivalence of
linear and reflectron instruments in terms of their ion
optics. In general, the higher the order for which an
instrument is corrected, the more forgiving it is with
respect to the range of ion trajectories that give nearly
the same period.
It is possible to correct a system to infinite order
against energy variations by using a parabolic potential
field along the optical axis. This is essentially the
“multipass perfectron” [10]. There are six parameters
that define an ion’s trajectory. There are several ways
that these six can be expressed. For our purposes we can
consider the six to be the three initial coordinates, an
initial kinetic energy, and azimuthal and elevation
angles that the initial velocity vector makes with respect
to one of the coordinate axis. Another way to define the
six parameters is to specify three initial coordinates and
three initial momenta. In the nonrelativistic limit, the
period of oscillation of ions in a multipass perfectron is
completely independent of all six parameters that de-
fine an ion’s trajectory, hence the name “perfectron.”
In practice it is impossible to generate a perfectly
parabolic field so a perfectron is not fully realizable in
practice. However, various electrode geometries can be
used to produce a very close approximation to a para-
bolic field, a stack of electrode rings being a typical
example [10].
Although a multipass perfectron is corrected to infi-
nite order, in its simplest form it is not a practical trap
because ions diverge from the axis exponentially at long
trapping times. However, by adding an axially oriented
magnetic field effective trapping can be achieved [10].
Many readers will recognize the magnetically assisted
multipass perfectron as a Penning trap or an ion cyclo-
tron resonance trap. The presence of the magnetic field
does not perturb the perfect time focusing of the trap.
The underlying reason is that the equations of motion in
the axial direction do not couple to those in the radial
direction, and the magnetic field only affects motion in
the radial direction. Ions can be indefinitely trapped in
a Penning trap, provided certain well known stability
conditions are met [11], but a discussion of these
conditions is outside the scope of the present paper
because it is not a purely electrostatic trap.
Although the multipass perfectron (in the absence of
a magnetic field) is not a practical trap because it does
not satisfy the spatial focusing condition, it will be
shown that both temporal and spatial focusing condi-
tions can be satisfied if one is content with a design
corrected to first order in temporal focusing. (In the
present paper we do not deal with the question of
whether second order or higher designs are possible,
which also satisfy the spatial focusing condition.) Fig-
ure 5 illustrates an example satisfying the temporal
stability condition to first order as well as the spatial
focusing condition. For a packet of ions with on-axis
trajectories, with total energy varying from 83.9895 to
89.3596 V, the computed period of oscillation varied
over a range of one part in 7454, corresponding to a
baseline mass-to-charge ratio resolution of 3727. The
energy variation allowed for this simulation was ap-
proximately 6%. Because the variation in flight time of
a first order design is approximately a quadratic func-
tion of energy deviation from the design point, limiting
the energy variation to 2% would raise the computed
resolution for axial rays to more than 33,000. Thus, even
a design limited to first order correction is capable of
very high resolution for ions whose trajectories corre-
spond to axial rays.
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Unlike the multipass perfectron, the flight time for
practical electrostatic traps is sensitive to off-axis mo-
tion. Therefore, the highest resolution is achievable only
for packets of ions whose trajectories are confined to
axial rays. However, it is a fortunate fact that for traps
whose mirrors are well aligned with respect to the
optical axis, flight time is automatically corrected against
off-axis motion to first order by reason of symmetry. To
give some idea of the magnitude of the effect, if one were
to allow up to 1.5 mm maximum deviation from the axis
at the turning point, in addition to a 6% energy variation,
the baseline resolution of the design presented in Figure 5
drops from ;3700 to ;1600. This was calculated from
the average period of oscillation for 51 round trips for
each of several trajectories. The trajectories were chosen
to encompass the full range of conditions indicated
above, i.e., varying the energy over a 6% range and
varying radial distance up to 1.5 mm off-axis. When
both the energy variation and maximum radial devia-
tion were decreased by a factor of 2 the computed
baseline resolution increased to over 6000.
Modeling trajectories over a range of conditions is
equivalent to modeling a packet of ions for a lightly
loaded trap. Ion–ion repulsion (space charge) was not
modeled, so the simulations do not apply directly to a
heavily loaded trap.
The trajectory chosen for illustration in Figure 5
modeled more than 50 round trips without ejection of
ions. Extending the simulation to .1000 round trips still
failed to produce ejection, just as expected from funda-
mental considerations presented earlier in the paper.
It should be noted that according to the classical
uncertainty principle, which relates linewidth to acqui-
sition time, achieving 1600 resolution using image cur-
rent detection and Fourier transform data processing
would require that the number of oscillations be of the
order of 1600. However, in a numerical simulation the
period of oscillation can be characterized with fewer
oscillations, as was done for these simulations. There-
fore, the resolution for a packet of ions having a
distribution of trajectories can be simulated without
running each trajectory for thousands of passes.
Additional Comments
Motion dampening has been ignored in this paper.
Possible examples of dampening include loss of energy
through emission of electromagnetic radiation by the
accelerated charges, resistive dampening by coupling of
ion motion to resistive loads connected to the elec-
trodes, and collisions with background gas molecules.
Spherical aberration has also been ignored. Detailed
discussion is outside the scope of the present paper, but
in general these things could perturb the stability con-
ditions in some cases. Therefore, in designing an elec-
trostatic trap one should not design it near a stability
boundary. Throughout this paper no mention has been
made of mass-to-charge ratio dependence. The reason
for this is that an underlying assumption has been
made, specifically that ion energies are dependent only
accelerations by electrostatic fields. Under this assump-
tion, ion focusing is independent of mass-to-charge
ratio, hence the focusing conditions are not mass-to-
charge ratio dependent. Furthermore, under these con-
ditions the temporal focusing conditions are also inde-
pendent of mass-to-charge ratio.
Closing Comments
In order to achieve high sensitivity and resolution,
electrostatic ion traps must trap ions for many round
trips. In order to do this the traps must satisfy certain
stability criteria with regard to spatial focusing. Simply
stated, the effective centers of curvature of the ion
mirrors must be “crossed.” High resolution also re-
quires additional stability criteria to be met, i.e., that the
period of oscillation of ions in the trap be stable against
small perturbations of the parameters that define an
ion’s trajectory. For example, the period must be stable
against small variations in the total energy of the ions,
excluding any contribution arising from internal modes
of motion of the ion. An example of a theoretical design
satisfying both stability criteria is given.
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Figure 5. Example of an electrostatic trap simultaneously satis-
fying spatial and temporal focusing criteria. Voltages are indicated
in the figure. Geometry and initial trajectory parameters are the
same as Figure 4. More than 50 round trips are shown for
illustration purposes, but no ejection of ions was observed, even in
simulations running more than 1000 round trips (.2000 reflec-
tions).
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